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Angle-dependent spectral distortion for an infinite planar fluid- 
fluid interface 
Donald P. Orofino and Peder C. Pedersen 
Department of Electrical Engineering, Worcester Polytechnic Institute, Worcester, Massachusetts 01609 
(Received 13 December 1991; accepted for publication 16 July 1992) 
Angle-dependent spectral distortion (ASD) refers to the change in complex spectrum of the 
signal from the receiving transducer due to change in angular orientation of the reflecting 
target, i.e., from normal incidence to some non-normal incidence. The ASD for a fluid-fluid 
infinite planar interface (IP-ASD) is numerically determined for the cases of a planar piston, 
spherically focused piston, and nondiffracting (Jo-Bessel) transducer geometries. The 
numerical algorithm employed is based on an equivalent image transducer. Reception of the 
acoustic pulse is performed using discrete surface integration, based on 3-D surface mesh 
generation strategies. Numerical simulations, together with experimental results, are presented 
for the above transducers for various geometries, reflector distances, and misalignment angles. 
The results indicate that the IP-ASD significantly alters the spectrum of the received acoustic 
pulse, and thus must be taken into consideration for quantitative ultrasonic measurements. 
Finally, the numerical simulations have revealed that the nondiffracting transducer produces 
distinct peaks in the magnitude IP-ASD that enable precise estimates of misalignment angle to 
be obtained. 
PACS numbers: 43.20.Fn, 43.35.Yb 
LIST OF SYMBOLS p i, p r 
a 
f,L 
H(r,co) 
k,k 
L(p) 
L•v (p ) 
mx, my 
M 
radius of source transducer 
area of thefih triangular surface el ment, R 
• complex amplitude of arbitrary plane 
wave component in angular spectrum of 
pressure field 
Cartesian components of spatial frequen- 
cy l'}rn 
impulse velocity potential function for r, 0 
given source transducer geometry 
wave vector of arbitrary plane wave com- $ 
ponent in angular spectrum, and its mag- 
nitude 
acoustic power of plane waves with radial 
spatial frequency less thanp, radiated by a 
given transducer 
normalization of L (p) to the total radiat- 
ed acoustic power 
number of samples across diameter of re- w /
ceiver in the x and y directions, 
respectively, necessary to integrate the 
pressure field due to a single incident 
plane wave 
total number of samples on receiver sur- 
face required to integrate the pressure Zo 
field a 
nx, ny,_nz direction cosines ofa given plane wave 
• (r,t),P(r,co) acoustic pressure field in time and fre- p, 
quency domains 
•ba , I•bc 
W(p) 
incident and reflected pressure field radi- 
ated by actual source transducer 
pressure field radiated by image source 
transducer 
complex acoustic reflection coefficient of 
reflecting plane 
position vectors describing the vertices of 
thefih triangular surface lement, w /
vectors describing adjoining sides of the 
fih triangular surface lement, w / 
position vector to midpoint of element uJ 
radial and angular coordinates in the 
space domain 
surface of integration over the source 
transducer 
contribution ofthefih receiver surface ele- 
ment to the electrical output signal 
power in the radiated acoustic field (ig- 
noring constant erms such as the acoustic 
impedance) for a given radial spatial fre- 
quency, p 
thejth triangular element on the surface of 
the receiving transducer 
unit normal vector to the fih surface ele- 
ment 
unit vectors in Cartesian coordinate sys- 
tem 
axial position of reflector interface 
misalignment angle of reflecting interface, 
relative to plane of source transducer 
radial and angular coordinates in the spa- 
tial frequency domain 
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•(r,o•) velocity potential function 
angle between •J and the given plane wave 
propagation vector, termed element area 
projection angle 
temporal frequency of acoustic pressure 
field 
acoustic wavelength 
difference in path lengths of plane wave 
striking diametrically opposite dges of re- 
ceiver in x and y directions, respectively 
Ocone 
direction angles of a given plane wave 
angle that the qth plane wave makes with 
respect o the reflecting interface; see Fig. 
2. 
half-angle of the cone (in radians) bound- 
ing the propagation vectors of plane waves 
that comprise a specified fraction of the 
total acoustic power radiated by a planar 
piston transducer 
INTRODUCTION 
In recent years, ultrasound research has been carried 
out for the purpose of obtaining quantitative data concern- 
ing the structures being insonified. Numerical descriptions 
of biological parameters (such as the acoustic impedance of 
tissues) or material parameters (such as the strength of 
bonds) are desirable goals of future generations of ultrasonic 
equipment. 1-6 However, the progress towards producing ac- 
curate quantitative results has been in general disappointing- 
ly slow. 
In pulse-echo ultrasound, it is known that the energy 
and spectral composition of the received signal is very sensi- 
tive to the angular alignment between transducer and re- 
flecting surface, especially when the reflections are specular 
in nature. 6-1ø A similar level of sensitivity is observed in the 
analysis of test samples with irregular boundary and surface 
geometries. Quantitative results derived from ultrasonic 
tests are thus highly susceptible to measurement error due to 
sample geometry, orientation, and the manner in which the 
measurements themselves are made. 
Determination of the effect of orientation of a reflecting 
target on the received electrical signal is the central subject 
matter of this paper. In particular, the effect of angular misa- 
lignment, relative to normal incidence, of a planar reflector 
of infinite extent is considered. To achieve accurate results 
for a wide variety of situations of practical interest, the exact 
results for the pressure field radiated by the source trans- 
ducer must therefore be used. TM Likewise, the output signal 
generated by the receiver must be calculated exactly. Cur- 
rently, most distortions of the received acoustic signal due to 
target orientation go uncorrected, degrading any quantita- 
tive analyses. The degree of distortions typically incurred in 
an uncorrected ultrasound system are of course both trans- 
ducer- and application-specific. 12.13 
In this paper, a computationally efficient approach to 
the determination of target-orientation i duced spectral dis- 
tortion is examined for phase-sensitive transducers. The sim- 
ple planar target discussed here is the interface between two 
adjoining semi-infinite fluid half-spaces, and thus only longi- 
tudinal wave interactions are considered. We are interested 
in examining the electrical voltage signal generated by the 
receiving transducer, in response to the reflected acoustic 
field. This signal is used to determine the angle-dependent 
spectral distortion (ASD) of the received electrical signal. 
With appropriate corrections, the ASD of the received signal 
for a given finite bandwidth spectral response of the acoustic 
equipment (transducers, pulse shapers, receivers, etc. ) may 
be obtained as well. 
Naturally, a layered medium consisting of multiple such 
planar fluid-fluid interfaces (which in the general case are 
not parallel) may be analyzed in the same fashion, provided 
that the multiple reflections are negligible. The ASD is an 
appropriate model for describing the change in the reflected 
pulse due to deviation from normal incidence, for a variety of 
layered soft tissue structures. The only requirement is that 
the reflecting surface is nearly planar over the beamwidth of 
the acoustic field. Incorporation of elastic wave interactions 
in solids will be considered in a forthcoming paper. 
The transducer geometries to be examined here are all 
axisymmetric ircular piston types, specifically planar pis- 
tons, spherically focused pistons, and nondiffracting (Jo- 
Bessel) transducers. Each type of transducer geometry pro- 
duces a distinctive spectral distortion function, due to the 
differences in the generated pressure field diffraction pat- 
terns and their receiver surface geometries; thus, each trans- 
ducer type must be investigated separately. All computa- 
tions of the ASD are performed over a range of frequencies 
suitable for use in medical ultrasound and nondestructive 
testing, i.e., from dc to roughly 15 MHz. 
In order to determine the ASD function for a particular 
experimental situation, the distance and geometric align- 
ment parameters of the sample interface must be obtained. 
When dealing with an unknown layered medium, parameter 
extraction therefore becomes an important issue, and is 
briefly reviewed in Sec. IV. It is a subsequent goal of this 
research to find a practical method of characterizing and 
removing the ASD that is induced in the received acoustic 
signal. 
Finally, the ASD function for the Jo-Bessel transducer 
will be evaluated numerically, and it will be shown that this 
transducer is potentially useful for determining the angular 
misalignment of a planar interface with respect o the trans- 
ducer axis to a high precision. This appears to be one of the 
more interesting results of this paper; unfortunately, experi- 
mental confirmation could not be made, due to the unavaila- 
bility of such a transducer type. 
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A. Definition of ASD 
The angle-dependent spectral distortion ( ASD ) can be 
observed in pulse-echo ultrasound measurements on layered 
media containing planar reflecting surfaces. ASD refers to 
the change in complex spectrum of the transducer output 
electrical signal due to change in angular orientation of the 
acoustic reflecting target. The angular orientation of the tar- 
get affects the pressure field reflected or scattered by the 
target, and is therefore manifest in the transducer output 
signal. The ASD is dependent on the transducer type 
(planar piston, focused spherical piston, etc. ), dimensions of 
the transducer, and location and geometry of the acoustic 
target. The ASD is calculated throughout this paper under 
the assumption of a transducer with perfectly flat frequency 
response over an infinite bandwidth (i.e., an ideal trans- 
ducer). Since an actual transducer will have an arbitrary 
bandlimited response, the ASD spectra corresponding to 
this transducer may be obtained from the calculated ASD 
spectra by multiplication with the actual transducer fre- 
quency response. 
More specifically, the ASD for a given transducer is de- 
fined as the complex spectrum of the output electrical signal 
from the given transducer that in pulse-echo mode transmits 
a velocity-impulse driven pressure field (i.e., of infinite 
bandwidth), and is subsequently reflected from an infinite 
planar surface at a specified distance and rotated a given 
angle relative to normal incidence. The normalized ASD is 
the ratio of the received complex spectrum for non-normal 
incidence to the complex spectrum of the received electrical 
signal due to the same reflecting surface at normal incidence. 
An illustration of the transducer and reflector orientations 
for these situations is given in Fig. 1. Rotation of' the reflect- 
ing surface typically refers to rotation about the point on the 
surface where the acoustic axis of the ultrasound beam inter- 
cepts the surface, but it can also be defined for rotation 
around other points that will then introduce both a rotation 
and a translation. 
No limitations on the given transducer geometry are 
imposed in the ASD concept, provided that the acoustic 
pressure field due to the source in question may be precisely 
calculated in both magnitude and phase at all field points in a 
homogeneous medium. In order to provide accurate spectral 
characterization of the distortion process, a sufficiently wide 
frequency range must be evaluated. Exact knowledge of' the 
pressure field received by the ultrasonic transducer is essen- 
tial for a quantitative description of' pulse-echo ultrasound; 
therefore, a method of propagating the pressure fields from 
source to receiver is required as well, either by directly evalu- 
ating the acoustic field at the required spatial positions, or by 
propagating a field known over one plane to a different 
plane. Finally, the ability to integrate the complex pressure 
field over the surface of' the phase-sensitive r ceiver must 
exist, in order to determine the transducer output signal. 
Input Puls• 
Output Pulse 
• Reflector 
•Z 
(a) 
Input Puls_•..• Output Pulse•l • Reflector ' Zo• (b) 
FIG. 1. Description of thegeometries for defining theIP-ASD. (a) Recep- 
tion of acoustic pulse with interface of the two adjoining media positioned at 
normal incidence, and at (b) oblique incidence, relative tothe acoustic axis. 
generally time consuming tocompute, but can be completely 
removed from the calculation by introduction of the image 
transducer. The image transducer takes the place of the actu- 
al transducer during acoustic emission, while the actual 
transducer is retained for reception of the acoustic field. 
A velocity potential method is employed for the calcula- 
tion of the complex (magnitude and phase) broadband 
acoustic pressure field at field points located on the receiving 
(actual) transducer. This is necessary in order to estimate 
the output electrical signal. The received signal amplitude is 
evaluated over a spectrum of frequencies of interest, and for 
a number of misalignment angles a of the reflecting inter- 
face. The resulting spectrum for a given a represents he 
desired ASD result. 
Other methods of calculating the acoustic field may also 
be used. One such alternative method is the angular spec- 
trum (plane wave decompostion) technique, which can be 
used to particular advantage when elastic wave propagation 
effects are to be considered. Also, such a decomposition f 
the pressure field would allow the ASD calculations to be 
made exactly, whereas they now must be approximated to 
some small degree when the individual plane wave compo- 
nents of the field are unknown. Computationally, the angu- 
lar spectrum decomposition can be very demanding as com- 
pared to the velocity potential method, and requires patial 
discretization of the pressure field. However, it should be 
mentioned that closed-form solutions to the surface integra- 
tion exist for the plane wave insonification f a planar circu- 
lar piston receiver. 
I. CALCULATION OF THE ASD FUNCTION 
The calculation strategy developed here emphasizes the 
efficient computation of the ASD for axisymmetric trans- 
ducers. The determination f the reflected acoustic signal is 
A. Image transducer placement 
The formulation ofthe image source corresponding to a
point source radiating spherical waves is well known, TM and 
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covered in detail elsewhere. Note that the transducers con- 
sidered in this paper are not simple monochromatic point 
sources, but rather extended finite sources. The proof of the 
equivalent image source in this situation is a conceptually 
simple extension of the point source method. A summary of 
the placement of the image transducer and its orientation is 
given below. Note that each of several reflecting interfaces 
(or layers) can be represented by a separate image trans- 
ducer with a given amplitude, and at a given location and 
orientation, as long as the acoustic echoes arising from each 
interface are temporally separable, and multiple reflections 
are ignored. 
An axisymmetric transducer (the actual pulse-echo 
transducer) is aligned such that the normal to its radiating 
surface points in the + z direction. Let the infinite planar 
reflecting interface be positioned a distance Zo axially away 
from the actual transducer. The interface is tilted an angle a 
relative to the y axis; due to the cylindrical symmetry of the 
field produced by an axisymmetric transducer, the tilt angle 
can be assumed to be in they-z plane without loss of genera- 
lity. The placement of the actual transducer and the reflector 
is shown in Fig. 2 (a). 
The pressure field radiated by the source transducer can 
be decomposed into plane wave components. Instead of ana- 
lyzing the entire diffracted field (which consists of infinitely 
many plane waves of varying propagation directions and 
amplitudes), only a single plane wave in the decomposition 
will be considered. By assumption of linear acoustics, the 
approach used for calculating the response for one plane 
wave can be used directly in calculating the response for the 
sum of all plane waves in the decomposition. Let the qth 
, y cø'Pø k••• C'o,P'o 
Actual V Reflector 
YI / %'Y•o eZ ) 
(a) 
Image 
Txdr (Source) Zo C O , 5tO•! 
(b) 
FIG. 2. (a) Location of equivalent image transducer, relative to actual 
source transducer, in (x,y,z) coordinate system. (b) Similar to (a), except 
coordinates are expressed in terms of the (x/,y/,z/) image coordinate sys- 
tem. 
plane wave component in the decomposition be incident on 
the reflector, as shown in Fig. 2 (a). In this case, 
-' (r,coo) = •' exp [j(coo t -- k•-r) ] tq q ß (1) 
i is the magnitude ofthe incident wave propagation Here, k q 
vector for the qth plane wave. The reflected plane wave P q 
therefore travels with propagation vector 
k; = •; [cos(•9q--a)?--sin(Oq + a)•], (2) 
r 
where k q is the magnitude of the reflected wave propagation 
r i ) and •9q is the angle that k•q makes with vector (k q = k q 
respect o the reflecting interface, and is defined in Fig. 2 (a). 
Note that for an incident plane wave parallel to the z axis, 
r r 
•9q = 7/'/2 -- 5, and kq = k q [sin(2a)• -- cos(2a)•]. 
The image transducer is a mirror-image representation 
of the actual source transducer, with respect o the reflecting 
interface. The surface velocity and temporal excitations on 
the image transducer are identical to those of the actual 
source transducer. The center of the image transducer is 
placed a distance z6 behind the reflecting plane, where 
z6 = Zo (c6/Co ), and Co and c6 are the sound speeds of the 
media on the actual and image transducer sides of the reflect- 
ing interface, respectively. These quantities are indicated in 
Fig. 2(a). The image transducer must also be tilted by an 
angle 25; therefore, the coordinates of the image transducer 
center are 
(X/o'Y/o,Z•o) = (0, -- z6 sin 2a,z6 + z6 cos 2a). ( 3 ) 
With the image transducer thus defined, the reflecting inter• 
face may be removed from the problem. Thus, the distance 
from the point where the interface plane intercepts the z axis 
to the center of the image transducer is now just Zo. 
The amplitude of the velocity on the surface of the image 
transducer is equal to the amplitude of the velocity on the 
surface of the source transducer, modified by the reflection 
coefficient of the fluid-fluid interface. This reflection coeffi- 
cient exhibits only a small dependence on the angle of inci- 
dence of a given plane wave, for angles near to normal inci- 
dence. 15 Since plane wave decomposition will not be 
performed in the numerical simulations that follow in Sec. 
II, a very close approximation to the actual reflection coeffi- 
cient is made by assuming that the angles of incidence for all 
the plane waves in the actual field are equal to 5, that is, 
equal to the misalignment angle of the reflector relative to 
the acoustic axis. As will be shown later in Sec. I B, most of 
the energy radiated by a planar transducer is carried by plane 
waves whose propagation directions are confined to a region 
of small solid angle, centered around the acoustic axis of the 
transducer, hence justifying this approximation. 
The image transducer may be used for acoustic field 
generation during the transmitting stage of pulse-echo ultra- 
sound, and the actual transducer used as the receiver. Intro- 
duction of the image transducer greatly simplifies determin- 
ation of the received acoustic field, by calculating the 
acoustic field generated by the image transducer at points 
directly on the surface of the receiving (actual) transducer. 
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The amplitude • • of the reflected field radiating from the 
image transducer is equal to the amplitude A i of the incident 
field radiated by the actual transducer, scaled by the ap- 
proximate reflection coefficient ofthe interface as previously 
described. 
A new coordinate system (x•,y•,z•) is centered on the 
image transducer with unit vectors oriented such that 
and 
• =•, (4a) 
)• = cos(2a)) + sin(2a)2, (4b) 
• = sin(2a))- cos(2a)•. (4c) 
actual diffracted field, one may equivalently examine the set 
of propagation directions of all plane wave components com- 
prising the diffracted field (as found from a plane wave or 
angular spectrum decomposition), and from this set esti- 
mate the surface density based on the plane wave that strikes 
the receiver with the largest angular deviation from the re- 
ceiver surface normal vector. This estimate must take into 
account he relative power distribution of the plane waves in 
order to establish an angular range of propagation directions 
which comprises a significant fraction of the total radiated 
power. Otherwise, an element density which is computation- 
ally impractical will result, without corresponding improve- 
ment in the accuracy of the integrated pressure field. 
The geometry of actual and image transducers from Fig. 
2 (a) is redrawn in the new image coordinate system in Fig. 
2(b). Note that (X•o,Y•o,Z•o) in (3) now serves to represent 
the origin of the image coordinate system. 
It is true of course that when the currently proposed 
method is applied to a multi-layered medium, negligible 
multiple reflections in the received signal are assumed, im- 
plying minimal wave refraction through additional layers of 
the medium. If a particular situation does not admit this 
simplification, then it is required that the individual layer 
reflections are separable and may be time-gated out of the 
received signal; in this case, a recursive layer-stripping ap- 
proach may be adopted. The results thus obtained are entire- 
ly adequate in several situations of practical importance. 
One such example medium, significant in medical ultra- 
sound tissue characterization, is soft tissue layers. 
B. Acoustic pulse reception 
In order to determine the electrical signal generated by 
the receiver (actual transducer) in response to the reflected 
acoustic field, the field must be integrated over the phase- 
sensitive surface of the actual transducer using the complex 
(magnitude and phase) values of the pressure field. The inte- 
gral is assumed to be proportional to the electrical signal 
produced by the receiver in response to the given reflected 
field in an actual experiment. The surface integral is approxi- 
mated here by a discrete sum of the contributions from a 
large number of surface lements, with the assumption that 
the pressure field is constant over the surface of any given 
area element. In order to perform this discrete approxima- 
tion, the transducer surface is first "tessellated", i.e., divided 
into a mosaic consisting of a finite number of planar ele- 
ments. 
It is ditficult to estimate directly the surface element 
density necessary to accurately integrate the acoustic pres- 
sure field incident on the receiver surface for a complex dif- 
fracted field. However, it will be shown in Sec. I B 2 that the 
necessary number of surface elements required to integrate 
the field due to a single incident plane wave is relatively 
straightforward to determine; this density is later shown to 
be a function of the plane wave propagation direction, rela- 
tive to the normal vector of the receiver surface. The plane 
wave with the largest propagation angle demands the highest 
density of receiver surface elements. 
In order to find the required element density for the 
1. Cone of plane wave propagation directions based on 
a given fraction of radiated acoustic power 
This section discusses an analytic formulation of the an- 
gular distribution of plane wave propagation directions, for 
all plane waves in the decomposition of the acoustic field 
radiated by a planar circular piston transducer, on the basis 
of the combined power they carry. Based on this angular 
distribution, a cone of propagation directions centered 
around the acoustic axis of the transducer is defined, whose 
subtended solid angle is a function of the percentage of total 
acoustic power radiated; the smaller the fraction of the total 
radiated power chosen to be included in the analysis, the 
smaller the resulting angular distribution of plane wave 
propagation directions that need be considered, and there- 
fore the smaller is the cone's subtended solid angle. From the 
chosen cone of plane wave propagation directions, the plane 
wave having the largest angle with respect o the receiver 
surface is chosen as the one which imposes the most strin- 
gent requirement on surface lement density. 
Note that the field due to a single plane wave insonifies 
the entirety of the half-space in front of the source. Thus, one 
cannot make any statements regarding the angle beyond 
which the field due to a given plane wave "misses" the re- 
ceiver, since under no circumstances presented here can a 
forward propagating plane wave ever "miss" the receiver. Of 
course, as the solid angle of the specified cone is increased, 
more phase cancellation in the field can occur, and the more 
finely structured the pressure field can become. As one ob- 
serves the field due to a particular source at field points locat- 
ed at increasing lateral distances from the acoustic axis, it is 
expected that the pressure eventually decreases to the point 
where a given measurement i dicates a negligible pressure 
amplitude. Thus, one can entertain questions regarding the 
point beyond which the pressure on the receiver surface 
drops below significant levels, and is a fairly simple stimate 
to make. In this paper, we will consider placements ofthe 
receiver only in regions where the pressure isnon-negligible, 
i.e., close to the acoustic axis and not too deep into the far 
field. Therefore, situations in which the radiated field might 
be considered to "miss" the receiver will not be considered 
further in this paper. 
The angular spectrumS6 of the pressure field radiated by 
a planar circular piston contains acontinuous distribution of 
plane waves that propagate in directions that completely 
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subtend the hemisphere in front of the transducer surface. In 
many situations, the angular spectrum decomposition pro- 
duces spatial frequencies whose direction cosines exceed 
unity, e.g., the plane waves propagate with complex angles 
and exhibit inhomogeneous propagation characteristics; 
such plane waves are known as evanescent waves. These 
waves quickly attenuate as they propagate away from the 
transducer, and do not significantly contribute to the re- 
ceived acoustic field. More important, however, is the fact 
that the amplitudes of the homogeneous plane wave compo- 
nents rapidly become small as their propagation angles de- 
viate farther from the transducer surface normal. Thus, only 
a small portion of the entire angular spectrum of plane waves 
that comprise the total radiated field contribute significantly 
to the pressure field incident on the receiver surface. 
In order to establish a "significant" angular range of 
plane waves in the decomposition of the pressure field, the 
power distribution of the plane waves must be calculated 
versus propagation angle, which is done here relative to the 
transducer surface normal. From this, the half-angle of a 
cone that contains a specified percentage of the total power 
radiated by the circular planar piston can be determined. 
The geometry of the cone is described in Fig. 3. It is assumed 
that 0 may be used in place of Oq throughout the remaining 
discussion wherever confusion will not arise. 
In the Appendix, a method is presented for analytically 
determining the angular distribution of propagation vectors 
for the plane waves, contained in the pressure field from a 
planar piston radiator, along with the amplitude associated 
with each plane wave in the decomposition. From this angu- 
lar distribution is found a solid angle, centered around the 
acoustic axis of the radiator, which contains 95 % of the total 
radiated power. The half-angle of this cone in radians is 
found to be 
0cone = sin - • (2.12052/a), (5) 
where a is the radius of the transducer and A is the wave- 
length. This percentage of total power is somewhat arbitrar- 
ily considered to be an adequate approximation to the total 
radiated power. Note that in deriving (5), the receiver is 
assumed to be a planar circular piston transducer, the esti- 
mate so derived will serve as a guide for the required surface 
element density for weakly focused spherical piston trans- 
ducers as well. 
Using (5), the angular deviation of plane waves from 
the transducer surface normal, bounding 95% of the total 
power in the radiated pressure field, may easily be found. 
The angular deviation 0co,e is inversely proportional to 
transducer radius; this indicates that a planar piston with 
small radius exhibits a more omnidirectional radiation pat- 
tern. The dependence of 0co,e on radiation wavelength can 
be seen directly from (5). Table I gives example calculations 
of 0•o•e for various combinations of frequency and trans- 
ducer radius; the propagating medium is assumed to be wa- 
ter, with sound speed c -- 1500 m/s. 
Although the estimate of the required receiver surface 
density is based on consideration of only those plane waves 
whose propagation vectors lie interior to the cone of maxi- 
mum half-angle 0cone , the plane waves propagating with an- 
gles greater than this cone (here representing the last 5 % of 
the radiated acoustic power) are still accounted for in the 
ensuing discrete surface integration. These plane waves are 
just represented with fewer than the desired number of sam- 
ples per wavelength, and are therefore included in the sur- 
face integral with less accuracy than those plane waves with 
propagation directions less than 0•o•e- 
2. Element density versus plane wave orientation 
The element density required on the receiver surface 
may be found for a given incident plane wave. Consider an 
arbitrary plane wave • ß in the decomposition of the acoustic 
field radiated by the image transducer, which is incident at 
an oblique angle 0z, measured relative to the normal vector 
of the receiving transducer, as shown in Fig. 4(a). The direc- 
tion cosines, nx, ny, and nz, describing the propagation di- 
rection of the plane wave are also shown in Fig. 4(a). Note 
2 2 2 1, where in general n,• ny and n•, that n,• + ny+ n z = , 
FIG. 3. Illustrating the cone of plane wave propagation vectors as radiated 
by the source transducer, as they intersect he plane of the receiving trans- 
ducer. Maximum incident plane wave misalignment angles, measured rela- 
tive to the x and y axes, are Ox = Oco,e and Oy = 2a + Oco,e. 
x Y Actual 
•? Actual • Oy xdr 
/3aO n x = cos 0x 
n_-oosy _L nz= cos 0z -a 
(a) (b) 
FIG. 4. (a) Plane wave k t incident at oblique angle on circular planar piston 
receiver of radius a, shown with corresponding direction cosines nx, ny, and 
nz. (b) View of incident plane wave, when incident angle is completely con- 
tained in the y-z plane. Here, Ady is the difference inpath lengths of plane 
wave striking diametrically opposite dges of piston. 
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t/y • 1. Because the receiver isan axisymmetric circular pis- 
ton, a plane wave with a given direction cosine nz incident on 
the receiver produces the same surface integral result for a 
2 irrespective of the individual choices given value of t/2 + t/y X '
of nx and ny. Thus, without loss of generality it is assumed 
that nx = 0and 0<ny < 1, e.g., thex component of the propa- 
gation vector is zero. For this choice of direction cosines, the 
propagation of the plane wave may be unambiguously de- 
scribed as a vector in the y-z (or y/-z/) plane, as illustrated 
in Fig. 4(b). 
To find the number of samples on the receiver surface 
necessary tointegrate the field due to this plane wave, let the 
propagation vector of the plane wave strike the receiver at 
some nonnormal incidence. The difference in path lengths of 
the given plane wave arriving at y = + a and y = -a is 
Ady, as illustrated inFig. 4(b), and the number of wave- 
lengths difference between the two paths is Ady/A. 
The number of samples per wavelength required to ac- 
curately integrate the reflected plane wave depends on the 
required accuracy; however, a reasonably accurate integra- 
tion is here assumed to require 5 samples per wavelength. A 
total of 
my = 5 Ady/2 (6) 
samples are therefore required to spatially represent the 
wavefront along the y diameter of the transducer. Examin- 
ing the geometry of Fig. 4(b), it can readily be shown from 
geometrical arguments that 
Ad• = 2a sin Oz. (7) 
Since the single plane wave examined here has its propa- 
gation direction confined tothey-z plane, the wave front has 
a constant phase value at all points along a line parallel to the 
x axis on the receiver surface (e.g., in a direction orthogonal 
to the wave propagation). Thus, rectangular strip-like le- 
ments extending laterally across the transducer surface in 
the x direction may be used to integrate the field. The height 
of each element is found by dividing the diameter of the 
transducer, 2a, by the total number of samples my required 
in the y direction, or 2a/my. The total of number of surface 
samples Mrequired to integrate he field due to a single plane 
wave is therefore simply M = my = ( 5//[ )2a sin Oz. 
As shown in the previous ection, the maximum angle of 
all significant plane waves found in the pressure field radiat- 
ed by the image (source) transducer can be approximated by 
a cone of plane waves propagation vectors, with propagation 
angle equal to the half-angle of the cone, 0cone , centered 
about the surface normal of the planar image transducer. 
The receiving (actual) transducer isassumed to be rotated 
an angle 2a around the x axis, with respect to the image 
(source) transducer; thus, the maximum angle of any plane 
wave in the radiated field relative to the receiver acoustic 
axis is 0z, max= 2a + 0cone. In the x direction, however, the 
maximum angle is just 0z. max= 0cone, since the tilt angle is 
confined to the y-z plane. The cone of plane wave propaga- 
tion vectors radiated by the source was previously illustrated 
in Fig. 3. The maximum angular misalignments of any plane 
wave in the cone in the x and y directions are indicated in the 
figure. 
The number of samples required for a square receiver of 
dimensions 2a X 2a is m• my. Multiplying by the ratio of the 
area of a circle of radius a to a square of width 2a, the number 
of samples, M, required to integrate the actual pressure field 
produced by the image (source) transducer as intercepted 
by the receiving transducer is 
M = • mxmy 
4 
=•[(3)2asin(Ocone)][(3)2asin(2ct+Ocone ) ] 
--25/ra2(2.12053)sin 2a sin- _ • + •(2.1205 , 
(8) 
where the relation sin 0½o.e = 2.12052/a is obtained from 
(5). Notice that the number of samples, M, is approximately 
proportional tothe frequency ofthe radiated pressure field 
and the misalignment a. For high frequencies, 0½o.e isvery 
small. Figure 5 shows calculated curves of Mversus frequen- 
cy for several planar pistons radii a and misalignment angles 
An interesting result found from (8) is that for a = 0, 
the number of elements required is independent of both fre- 
quency and transducer radius (specifically, M = 353 for 
a = 0). This implies that the phase change across the receiv- 
er (of' radius a) is proportional to the maximum angular 
divergence of' the cone of' plane waves radiated by the source 
(also of radius a). This constant is dependent on the implicit 
choices of integration samples per wavelength, and percent 
of total power that is deemed significant in the plane wave 
decomposition. This result can be easily shown, since for 
a = 0 and Oz = 0cone, then 
Ady = 2a sin 0cone = 2a (2.12052/a), 
or Ady = 4.2412. Hence, my = 5 Ady/A=21.21. Deriva- 
tion of rn• follows similarly, and is equal to my. 
Finally, for an acoustic pulse, the number of surface 
elements may be estimated by setting the frequency f= c/A 
8O00 
7O00 
6000 
5O00 
4000 
3000 
•2000 
1000 
Frequency, MHz 
FIG. 5. Plot of number of surface elements, M [ see Eq. (16) ], required to 
accurately tessellate surface of receiving transducer, versus frequency for 
several planar piston radii a and plane wave incident angles a. 
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in (8) equal to the highest significant frequency component 
in the temporal frequency content of the incident pressure 
field. 
3. Element contribution to ASD 
Once the number of samples required to properly inte- 
grate the actual pressure field over the receiver surface has 
been determined, the surface may be tessellated into area 
elements such that there is one surface element per surface 
sample required by (8). The elements hould be distributed 
according to the element densities in the x andy directions as 
found in the previous ection. The sum of the surface area of 
all elements should closely approximate the actual surface 
area of the receiver. The integral of the pressure field over the 
receiver is basically found by multiplying the pressure at the 
midpoint of each element by the projected element area, dis- 
cussed shortly, and summing all such element contributions 
together. 
The only tessellation algorithm readily available for the 
present implementation, however, yields a nearly uniform 
density in the x and y directions, and is thus used as an ap- 
proximation to the asymmetric element density required. 
Triangular planar patches of adjustable size are used for the 
surface lements for optimal area coverage, and are especial- 
ly useful for approximating the surface boundaries. The area 
of each element must be calculated as the tessellation pro- 
ceeds. Furthermore, the projected area of the element that 
intercepts a given incident plane wave changes with plane 
wave orientation, relative to the element normal vector. For 
example, a maximal projected area, equal to the actual ele- 
ment area, exists for a plane wave normally incident on a 
given element. However, in general the projected element 
area is equal to the actual element area times cos •p, where •p 
is the angle between the normal to the surface element and 
the propagation vector of the plane wave. cos•p will be 
termed the element area projection factor. In order to fully 
consider the effect of element area projection on the signal 
produced by the receiving transducer, an angular spectrum 
would need to be computed; the projection calculation has 
instead been approximately found based on the total radiat- 
ed field, as discussed below. 
The jth element in the tessellation u/is defined by the 
position vectors of the three vertices of the element, la,, •, 
and tic, as shown in Fig. 6. The area of the element a / is 
conveniently found from the cross product of two adjacent 
sides of the triangular element. If the vector representation 
of two adjacent sides of the element are 
•. =• -la• (9a) 
and 
ri• =• --rio, (9b) 
then 
or= (10) 
2 
In the figure, the element midpoint rim is indicated, where 
rim = (rJa --•- rJb + la•)/3. (11) 
The element area projection may now be accounted for 
rb k I • 
r j J a rc 
FIG. 6. Detail of single surface lement to /in receiver tesselation, i dicating 
element area projection a gle q• and element unit-normal vector •. 
in the output signal for the jth element. For the qth plane 
wave of amplitude A • and propagation vector kIq the wave q ' 
strikes the given element surface at an angle •, as shown in 
Fig. 6, measured relative to the element surface normal vec- 
tor, •. The jth element contribution, v• to the electrical 
output signal due to the qth plane wave component is 
q cos g/•. (12) 
This is exact only for a single plane wave. For the diffracted 
acoustic pressure field, the pressure at the element midpoint 
rS• is due to the sum of an infinite number of plane waves, 
each with a different propagation vector and amplitude. 
Thus, without relying on an angular spectrum decomposi- 
tion of the reflected pressure field, some approximation to 
the element area projection factor cos •p• must be made. It 
was previously shown that, to within an arbitrary fraction, 
the greater part of the power radiated by a planar piston 
source transducer is contained within a cone of propagation 
directions centered about the normal to the plane of the im- 
age (source) transducer. A single propagation vector in the 
direction of the image transducer normal vector is thus used 
in approximating the projection factor for the entire collec- 
tion of plane waves comprising the fully diffracted field. As 
shown in Table I, 0cone is only a few degrees for most fre- 
quencies and transducer sizes, justifying this approximation. 
For each surface element uJ, the element unit-normal vector 
• is 
(13) 
TABLE I. Example calculations of angle 0c .... describing angle of cone of 
propagating plane waves that represent 95% of total radiated field power, 
for a planar piston transducer. Various values of transducer radius a and 
temporal frequency fare indicated. The propagation medium is assumed to 
be water with sound speed c = 1500 m/s. 
a f 
(cm) (MHz) Ocone 
1.27 1.0 14.51' 
1.27 5.0 2.87* 
1.27 15.0 0.96* 
2.54 1.0 7.19' 
2.54 5.0 1.44' 
2.54 15.0 0.48* 
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and the element area projection factor is therefore 
cos •b• j •;k• = . (14) i kq 
• as mentioned above, and using (2), Approximating kI• ?k q 
i kI•/k q •sin(2a)•- cos(2a)Z 
4. Receiver surface tessellation 
In its current implementation, the tessellation of the re- 
ceiver surface is done in bands of triangular planar elements, 
where the bands are arbitrarily chosen to be computed paral- 
lel to the x axis. Since the contribution of each element to the 
total surface integral is included sequentially, then once an 
element contribution is calculated, that element may be ig- 
nored for the remainder of the surface integration. Compu- 
tation of element contributions may thus be carried out one 
band at a time, summing up the complex values of the ele- 
ment contributions for each band and dramatically reducing 
the memory overhead of the ASD calculation. Figure 7 (a) 
illustrates the band tessellation performed on a planar circu- 
lar piston receiver, and Fig. 7 (b) on a spherical focused re- 
ceiver, both with a relatively small number of surface ele- 
ments shown (M-- 1000) for clarity. Since spherically 
focused circular piston geometries are included in this paper, 
elements vertices must be generated in three dimensions. In 
general, with 3 vertices per element, 3 coordinates per ver- 
tex, and on the order of 7500 elements per surface, consider- 
able memory storage would be required to tessellate the en- 
tire receiver surface at once; this is the principal motivation 
for implementing the band-tessellation method. 
(b) 
FIG. 7. Plot of actual receiver surface tessellations for (a) circular planar 
and (b) spherically focused piston transducers. The number of surface le- 
ments is M = 1000 in both cases, and the upper half of the transducers only 
are shown for clarity. 
C. Broadband pressure field calculation 
The evaluation of the complex (magnitude and phase) 
diffracted pressure field is the most time-consuming calcula- 
tion in determining the IP-ASD. For the discrete integra- 
tion method proposed in Sec. I B, the complex diffracted 
pressure field due to the image transducer must be calculated 
at the midpoints rim of the elements on the receiver surface. 
As mentioned earlier, surface elements typically number in 
the thousands, with 7500 elements used for the simulations 
conducted in Sec. II. Additionally, the IP-ASD must be 
evaluated for a range of frequencies for accurate spectral 
characterization of the distortion. To encompass most pulse- 
echo applications in both medical ultrasound and nondes- 
tructive testing, a frequency range dc to roughly 15 MHz is 
investigated. A total of 512 frequency samples have been 
chosen in the range dc to 15.625 MHz, yielding a resolution 
of approximately 30.5 kHz. A straightforward calculation 
indicates that the product of individual frequencies and spa- 
tial observation points yields approximately 4 million pres- 
sure field calculations to determine a single IP-ASD result. 
Clearly, efficiency of calculation is imperative to make 
such computations feasible. An efficient broadband pressure 
field algorithmS7 isemployed for the ASD simulations pre- 
sented in this paper. This algorithm computes the complex 
pressure field at a single observation point at a time, and each 
application of the algorithm yields the results for the entire 
bandwidth of frequencies as stated above. The algorithm 
chosen for pressure field computation is a m.ultirate DSP 
implementation of the Rayleigh integral, and relies on the 
closed-form description of the velocity potential function for 
a given transducer geometry. A detailed description of the 
algorithm is discussed elsewhere, •7 and only a brief sum- 
mary of the method follows. 
The acoustic pressure P(r,w) may be determined in 
complex form in the frequency domain via the relation 
P(r,w) =jwp•(r,w), (15) 
where p here indicates the density of the propagation medi- 
um. The velocity potential function • i• found from 
ß (r,w) = U(w)H(r,w), (16) 
where U is the velocity excitation function on the transducer 
surface and His the impulse velocity potential function, both 
of which are expressed in the frequency domain. The im- 
pulse velocity potential may be found in the time domain 
using 
1 ff6(t--r/C) ds' h (r,t) =-•-• r (17) 
where r describes the length of the vector extending from the 
observation point to coordinates on the transducer surface, 
S. Evaluation of this integral is performed over the surface, 
$, of the source (image) transducer. Eq. (17) can be deter- 
mined analytically in the time domain for simple transducer 
geometries. •7-•9 This allows the use of a single integral, 
namely the Fourier transform F{- ) of h (r,t), for determina- 
tion of the acoustic pressure, by calculating 
•(r,w) =F{h(r,t)). (18) 
Standard numerical integration techniques (such as 
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Gaussian quadrature) are too computationally intensive to 
be of practical use for calculation of the acoustic pressure, 
however. Instead, the pressure is evaluated using a multirate 
digital signal processing (MR-DSP) implementation. The 
MR-DSP implementation of the (18), coupled with Eqs. 
(15) and (16), is a broadband, computationally efficient 
procedure that yields accurate, complex pressure values val- 
id throughout the observation space (including the extreme 
near field). In essence, the MR-DSP technique operates 
much like a "zoom-FFT" applied to the discretized velocity 
potential function of (18), with an optimized decimation- 
filtering procedure. 
Briefly, the velocity potential in (17) is determined in 
closed-form, and sampled at a very high frequency (on the 
order of 1-8 GHz) that varies based on the temporal length 
of the particular velocity potential function. This is done to 
minimize the effects of aliasing, which will unavoidably oc- 
cur to some extent since the potential is a time-limited func- 
tion. The aliasing present at high frequencies becomes even 
more accentuated when the sampled function is differentiat- 
ed (due to the inherent high-frequency amplification effect 
of differentiation) and motivates the choice of very high 
sampling frequencies. Using these sampling frequencies, 
however, the Nyquist frequency falls well beyond the upper 
range of frequencies desired (which is 15 MHz), and creates 
widely spaced frequency samples in the ensuing FFT. To 
remedy this, the sampled sequence is decimated by large in- 
teger factors that depend upon the initial sampling rate used. 
To prevent any further aliasing, the sequence is first lowpass 
filtered with a linear-phase FIR filter. The linear phase is 
essential to maintain an accurate complex pressure field re- 
sult. The decimation is applied in two stages for greater effi- 
ciency, yielding a frequency range ofdc to 15.625 MHz with 
a resolution of 30.5 kHz for each spatial location desired. 
Computational improvement of the multirate technique 
over standard Gaussian quadrature numerical integration is 
between 8 and 30 times, depending upon spatial location and 
transducer geometry. 17 
II. SIMULATION RESULTS 
Results of IP-ASD numerical simulations will now be 
presented for circular planar piston, spherical focused pis- 
ton, and Jo-Bessel transducers. For the comparisons to ex- 
perimental results later in Sec. III, the normalized ASD is 
generally required. As the frequency response characteristic 
of a given transducer is likely to mask the ASD, at least in 
part, it is necessary to remove this response which can be 
done over the frequency range with an acceptable S/N ratio. 
At the same time, all gain and attenuation factors of the 
pulse echo system are removed through the normalization 
process. Normalization is accomplished by dividing the IP- 
ASD found for some misalignment angle a > 0 by the IP- 
ASD found for a = 0, keeping all other parameters equal. 
Figure 8 illustrates the normalization procedure. 
For the planar circular piston transducer simulations in 
Sec. II A, little difference exists between the normalized and 
unnormalized IP-ASD curves, because the IP-ASD for 
a = 0 is relatively flat over frequency for this case. For the 
spherical focused transducer in Sec. II B, however, the IP- 
I Pulser/ [ r--•"' "• Acoustic 
I Receiver • • Be• Axis • z 
' ' Tr•sducer 
I Refl•tor • 
-20 ............... 
I 
.,$ • tl•['• ................. • 
: t I I '•ø•'.'••"• ' •'.•.• No•i•dASD 
•0 
Rec lver I • Be• Axis • z Tr•sducer 
Refi•tor 
FIG. 8. Illustration of the normalized ASD. Top: A planar interface ofinfi- 
nite extent is located normal to the acoustic axis and a distance Zo away from 
the transducer. The spectrum of the received signal is i,N ((o) - F• vN (t) • 
(only magnitudes are shown, in dB). Bottom: The same measurement setup 
is shown except that the interface is rotated by an angle a relative to the 
acoustic axis. The spectrum of the received signal is now 
i,•(to) =F•%(t)). The magnitude of the normalized ASD is 
Ii,• (to) -- i,• (w)l, in dB. 
ASD found for a = 0 is far from constant over frequency, 
and thus the normalization is essential to comparing numeri- 
cal and experimental results. For the nondiffracting trans- 
ducer simulations, no normalization is performed; this will 
be discussed further in Sec. II C. It will be clearly stated 
whenever normalized IP-ASD data are presented. 
A. Planar piston 
The circular planar piston requires only one parameter, 
radius a, to completely describe its geometry. In addition to 
radius, parameters describing distance Zo and misalignment 
angle a of the reflecting plane and sound speed cmust also be 
specified, for a total of four variables per simulation. 
The first set of simulation results, shown in Fig. 9, illus- 
trates the magnitude IP-ASD for a planar transducer of ra- 
dius a = 1.27 cm, reflector distance Zo = 5 cm, sound speed 
c = 1500 m/s, and for various misalignment angles 0•a • 1 ø. 
Significant scalloping of the magnitude IP-ASD is clearly 
visible, with the local minima ("nulls") in the spectral mag- 
nitude function appearing lower in frequency as a increases. 
For the given frequency range, 0(•de• 15.625 MHz, the first 
null appears for a > 0.2 ø, given a and Zo as defined above. The 
extreme sensitivity of the planar transducer to IP-ASD is 
apparent in Fig. 9; for a = 1 ø, 8 nulls in the frequency range 
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FIG. 9. Unnormalized magnitude IP-ASD calculated for a planar trans- 
ducer with radius a = 1.27 cm, distance to reflector Zo -- 5 cm, and sound 
speed c = 1500 m/s. Misalignment angle a varies from 0 to 1ø. 
are observed, with the lowest frequency null appearing at 
f• 2.5 MHz. The peak magnitude of the second spectral lobe 
is 35 dB down from the peak magnitude of the first spectral 
lobe, indicating strong attenuative effects of the IP-ASD as 
well. 
Figure 10 shows the IP-ASD for a fixed distance Zo 
(specifically Zo = 5 cm) and for a fixed misalignment angle 
a (specifically a = 0.4 ø) of the reflecting interface. The 
transducer radius is varied between a = 0.635 cm (0.25-in. 
radius) and a = 2.54 cm ( 1-in. radius). Figure 10 displays a 
reduction in overall spectral distortion as the radius a of the 
transducer becomes smaller. This behavior should be ex- 
pected since, as the radius decreases, the transducer becomes 
more omnidirectional in receiver characteristic, while the 
acoustic field radiation from the small-radius source ap- 
proaches that of a spherical wave. Under these conditions, 
the IP-ASD pattern should broaden over frequency, since 
the spherical wave field produces less phase cancellation 
over the small receiver surface. The IP-ASD becomes very 
significant for larger transducers. Since many medical ultra- 
sound transducers have usable bandwidths centered from 2 
MHz and upwards, spectral nulls entering this frequency 
range can seriously degrade any quantitative measurements 
attempted. 
A plot of the frequency location of all IP-ASD magni- 
tude nulls with a frequency less than 15.625 MHz is present- 
ed in Fig. 11, versus misalignment angle a. The transducer 
radius is a = 1.27 cm. For example, at a •0.2 ø, a single null 
located at 10 MHz is observed, while at a-•0.55 ø, four de- 
tectable nulls were found, at frequencies of roughly 4, 7, 
10.5, and 13.5 MHz. This graph is useful for predicting null 
locations versus misalignment angle. Plotted in the figure 
are two sets of simulation data, for Zo = 4 cm and Zo = 8 cm. 
It is clear from the data that the reflector distance Zo has little 
effect on magnitude null location, and that only small com- 
pensations need to be made to accurately predict null loca- 
tion over a wide range of interface distance from this graph. 
B. Spherical focused piston 
The spherical focused piston requires a description of its 
radius a and focal length R to completely describe its geome- 
try. Additionally, parameters describing distance Zo and 
misalignment angle a of the reflecting plane, and sound 
speed c must also be specified, for a total of five variables per 
simulation. 
The first set of simulation results, presented in Fig. 12, 
shows the unnormalized IP-ASD calculated for a spherical- 
ly focused transducer with R/a = 5.0, and a = 1.27 cm. The 
plots show frequency along one axis, misalignment angle 
along the second, and magnitude IP-ASD vertically. In Fig. 
12, the unnormalized IP-ASD is given for z/R = 0.8, which 
is just to the source side of the focal point. The distortion 
.-40 • 
FIG. 10 Unnormalized magnitude IP-ASD calculated for planar piston 
transducer with a = 0.4 ø, c = 1500 m/s, and Zo = 5 cm. The transducer 
radius is varied from a = 0.635 cm (0.25 in.) to a = 2.54 cm ( 1 in.). 
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FIG. 11. Plot of frequency locations of unnormalized magnitude IP-ASD 
nulls versus interface angle, for planar piston transducer of radius a = 1.27 
cm; and c = 1500 m/s. Two reflector distances, Zo = 4 cm and Zo = 8 cm, 
are given. 
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FIG. 14. Unnormalized magnitude IP-ASD calculated for a spherical fo- 
cused piston transducer with R/a = 5.0, a = 1.27 cm, and reflector misa- 
lignment of a = 4 ø. Reflector distances vary from z/R = 0.2 to z/R = 2.0. 
FIG. 12. Unnormalized magnitude IP-ASD calculated for a spherical fo- 
cused piston transducer with R/a- 5.0, a = 1.27 cm, z/R- 0.8, and 
c = 1500 m/s. Reflector misaligment angles a vary from 0 to 10 ø. 
curves do not possess distinctive features as did the planar 
piston IP-ASD curves. In contrast o the planar transducer, 
the largest spectral power occurs not at normal incidence 
(a = 0), but at a•--80. 
The same simulation data presented in Fig. 12 was nor- 
malized to a = 0, and is presented in Fig. 13. The normal- 
ized IP-ASD for a- 0 is therefore a constant amplitude 
with respect o frequency, and not shown in the .figure. 
In contrast to the planar piston IP-ASD, the focused 
piston IP-ASD exhibits a strong dependence on reflector 
distance, Zo, as should be expected. At z/R -- 1.0 (the focal 
plane), the ASD magnitude response is relatively constant. 
Figure 14 shows the IP-ASD with frequency along one axis, 
z/R along the other, and unnormalized magnitude IP-ASD 
vertically. The curves are calculated at a -- 4', R/a = 5.0, 
a -- 1.27 cm, and 0.2*•<z/R •<2.0'. 
FIG. 13. Normalized magnitude IP-ASD calculated for same simulation 
parameters as in Fig. 12. 
C. Nondiffracting transducer 
The IP-ASD for the nondiffracting or Jo-Bessel annu- 
lar array transducer was simulated so that the spectral dis- 
tortion behavior could be determined. The nondiffracting 
transducer equires specification of the radius of each annu- 
lus in the array, the excitation potentials used to drive each 
annulus, and a compression factor which maps the Jo-apodi- 
zation function to the annulus drive potentials. Details of the 
theoretical development 2ø-22 and the efficient pressure field 
calculation •? for this transducer may be found in the refer- 
ences. 
The simulation results, presented here, are based on the 
nondiffracting transducer as an acoustic source and a planar 
piston as receiver. The first simulation is carded out for a 
nondiffracting source with a total array radius of 2.54 cm, 
and with 10 annular tings. The first 10 zeros and extrema of 
Jo are given in Table II. The radius of each annulus for a 
step-drive Jo-Bessel approximation is found from the zeros 
of the Jo-Bessel function, scaled by the compression factor. 
This factor is roughly 1206 cm- • for the given implementa- 
tion, equivalent to the actual nondiffracting transducer ar- 
ray described by Lu et al. 2• Thus, the actual radius of any 
given annulus for this case is found by dividing the factors in 
the table by 1206. The excitation potentials are taken to be 
TABLE II. First 10 zeros and extrema of Jo ('x), used in determining the 
annuli radius and relative excitation potentials, respectively, of the 10-ele- 
ment step-drive implementation of the nondiffracting transducer. 
x Jo(x) x Jo(x) 
0.00000 1.0(X• 16.47063 - 0.19647 
2.40483 zero 18.07106 zero 
3.83171 -- 0.40276 19.61586 0.18006 
5.52008 zero 21.21164 zero 
7.01559 0.30012 22.76008 - 0.16718 
8.65373 zero 24.35247 zero 
10.17347 -- 0.24970 25.90367 0.15672 
11.79153 zero 27.49348 zero 
13.32369 0.21836 29.04682 - 0.14801 
14.93092 zero 30.63461 zero 
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the extrema of the Bessel function lobes bounded by the 
neighboring zero points. The planar piston receiver used also 
has a radius of a = 2.54 cm. For pulse-echo ultrasound, re- 
ceiving with this planar piston is analogous to reception of 
the acoustic wave by the same annular array, but where all 
array elements are given equal weighting during pulse recep- 
tion. 
Figure 15 shows the IP-ASD corresponding to the non- 
diffracting transmitting/planar piston receiving transducer 
situation described above, for misalignment angles between 
a--0 and a- 10 ø, and a reflector distance of Zo -- 5 cm. 
The magnitude IP-ASD is plotted this time with a linear 
vertical scale, and a logarithmic horizontal frequency axis. 
Note that a single large-amplitude peak appears in the ASD, 
centered at a frequency that is inversely proportional to mis- 
alignment angle. As a approaches normal incidence (a-,0), 
the spectral peaks move out toward infinity. The peak loca- 
tion appears to vary with the log of the frequency for linear 
variation in a- •. Since spectral peak detection can be per- 
formed experimentally with good accuracy, precise esti- 
mates of angular misalignment should be obtainable with 
this technique.' 
The nondiffracting transducer exhibits little sensitivity 
to change in reflector distance Zo. Figure 16 shows the IP- 
ASD for the 10-annuli transducer described above, with 
a = 1.25 ø, and c = 1500 m/s. The reflector distance Zo is var- 
ied between 5 and 20 cm. The insensitivity of the amplitude 
and spatial location of the magnitude peak in the IP-ASD 
spectrum to reflector distance Zo is clearly indicated. 
Figure 17 shows the IP-ASD for a simulation similar to 
that given in Fig. 15, except that the number of annuli in the 
transducer is increased to 50 while maintaining the same 
radius (2.54 cm) as before. The compression factor is now 
roughly 6153 m- •, in order to keep the same step-drive ap- 
proximation to the Bessel function as in the 10-annulus ar- 
ray. Thus, a greater range of the argument to the Bessel func- 
tion is radially mapped across the array. Since the Bessel 
2.0 
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FIG. 16. Unnormalized magnitude IP-ASD calculated for same nondif- 
fracting transmitter/planar piston receiver pair used in Fig. 15. Reflector 
misalignment angle a = 1.25', and reflector distance 5 cm <Zo <20 cm. 
function amplitude decreases with larger arguments, the 
outermost annuli of this transducer will radiate little acous- 
tic energy. The argument range of the Bessel function used in 
the 10-annuli array (which previously spanned 2.54 cm radi- 
ally) now occupies the 10 innermost annuli of the 50-annuli 
array, thus spanning a much smaller radius. Therefore, from 
an acoustic energy point of view, the effective radius of the 
50-annuli transducer is much smaller than that of the 10- 
annuli transducer, even though both have the same physical 
radius. 
The implication of the result in Fig. 17 is that the trans- 
mitted wave diverges toward a spherical wavefront as the 
effective radius of the nondiffracting transducer decreases, 
analogous to the discussions regarding variation in ASD ver- 
sus transducer adius for the planar piston. Thus, less phase 
cancellation across the receiving transducer should occur. 
Note that the same size planar receiving transducer is used, 
so that the amount of phase cancellation is not reduced as 
1.25 0.625 
2'ø f : ii',i ,.7, 
0.5 
0.0 
0.1 0.2 0.3 1.0 2 3 4 5 10. 20 
Frequency, MHz 
FIG. 15. Unnormalized magnitude IP-ASD calculated for a nondiffracting 
transmitter with 10 annuli, compression factor of 1206 m - •, and outer adi- 
us of 2.54 cm. Receiver is a planar piston, of identical radius. Data are given 
for c-- 1500 m/s, z o -- 5 cm, and 0<a<10*. 
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FIG. 17. Unnormalized magnitude IP-ASD calculated for the same simu- 
lation parameters as Fig. 15, except hat the nondiffracting transducer has 
50 annuli and the Bessel-function compression factor is 6153 cm-•. 
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much as when a smaller planar piston was considered in Sec. 
II A. Therefore, the peaks in the spectrum occur only slight- 
ly higher in frequency than they did for the 10-annuli nondif- 
fracting transducer array. Additionally, higher secondary 
peaks are seen to occur in the IP-ASD here as well. 
A different IP-ASD formulation was investigated in- 
volving a nondiffracting transducer used for both acoustic 
emissions and reception. The gains of the voltage output am- 
plifiers, attached to the annuli of the receiving transducer, 
are proportional to the excitation potentials of the source 
transducer annuli, and thus produce the intended receiver 
apodization. Simulations were performed for a variety of re- 
flector parameters; however, the magnitude spectrum con- 
tained no identifiable features that could be c•nsidered char- 
acteristic of the misalignment angle. Further attempts to 
characterize this formulation are currently under investiga- 
tion. 
III. EXPERIMENTAL RESULTS 
The IP-ASD was experimentally verified for the planar 
and spherically focused piston transducers. All measure- 
ments were performed in a 1.0- X 0.5- X 0.5-m TesTech scan- 
ning tank, equipped with a servomechanical positioning sys- 
tem. A solid aluminum block was used to approximate the 
ideal infinite reflector; the block dimensions being approxi- 
mately 10 X 10 X 5 cm thick. The block and transducer were 
each attached to the positioning system by independent opti- 
cal rotation stages (Edmund Scientific # A33,465 ). The ro- 
tation stages are vernier-calibrated with an azimuthal reso- 
lution of 0.2 ø . Additionally, the transducer mount has an 
uncalibrated elevation-stage adjustment that is manipulated 
until exact normal incidence between transducer and reflec- 
tor is achieved. This is illustrated in Fig. 18 (a). 
The transducer was electrically connected to a JSR Syn- 
ergetics PR002 Pulser/Receiver with a submersible pulse- 
shaper. The minimum P RF of 500 Hz was used for all ex- 
periments, with the pulse-shaper set to maximum energy 
output. A LeCroy 9400 digital sampling oscilloscope 
(DSO) with a 125-MHz sampling rate was used to acquire 
and time-gate the pulse echoes. The DSO performed near- 
real time fast Fourier transforms (FFTs) to the time-gated 
signal, and successively averaged the power spectra of the 
FFT magnitudes. Seperate power spectrum averages were 
made at normal incidence and at specified oblique incidences 
of transducer and reflector. All misalignment angles indicat- 
ed below are those specifically describing the misalignment 
of the reflector normal vector to the transducer acoustic axis, 
e.g., a as defined in Figs. 1 and 2(a). The two separately 
averaged IP-ASD magnitude spectra in dB are subtracted to 
yield the normalized IP-ASD; only normalized IP-ASD re- 
sults are given in this section. Figure 18(b) illustrates the 
entire experimental setup. 
A. Planar piston 
The normalized IP-ASD for a planar transducer is 
shown in Fig. 19. A Panametrics VideoScan model V3116 
planar, broadband PZT transducer was used for the mea- 
surements, with radius a = 1.27 cm and usable bandwidth of 
1 to 8 MHz. The IP-ASD was experimentally determined at 
several misalignment angles, 0<a< 1 ø, all at a reflector dis- 
tance of Zo = cm. The results for a = 0.4 ø are given in Fig. 
19. A sound speed ofc = 1500 m/s in the water medium was 
assumed. Since the Panametrics transducer response atten- 
uated quickly above 8 MHz, a valid comparison between 
experimental and numerical results exists only in the inter- 
val between 1 and roughly 8 MHz. 
(a) 
Scanning Tank 
i•gitizcrs , .• Receiver , r II • l, 
t '• Co.lrol Transducer 'r•,tObject 
omputer .[ (b) 
FIG. 18. Illustration of the experimental setup used for determining the IP- 
ASD. (a) Detail of azimuthal and elevation control adjustments. (b) Block 
diagram of experimental system with tank, signal processors, and comput- 
ing equipment. 
B. Spherically focused piston 
The IP-ASD for a spherically focused transducer was 
performed using a Cogent Inspection Ltd. broadband PVdF 
-10 • ..... Simulation 
• -20 ' ' , ..... E• 
• -40 \ 
,,, "f""',, • -•o 
o • 4 • 
Fe•qu•nc•, MHz 
FIG. 19. Experimental results of the normalized IP-ASD for a planar pis- 
ton. Transducer is a Panametric VideoScan model V3116, PZT, with radius 
a = 1.27 cm and usable bandwidth of I to 8 MHz. Reflector distance Zo = 5 
cm, misalignment angle a = 0.4', and sound speed of propagating medium 
(water) c =- 1500 m/s. Solid line indicates experimental result, and dashed 
line is numerical simulation. 
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transducer with radius a = 1.27 cm, focal length R = 6 cm, 
and a center frequency of 5.5 MHz. For this particular trans- 
ducer, the ratio R/a = 4.724. The normalized IP-ASD was 
determined and compared to numerical results for several 
misalignment angles 0<a<10 ø, and reflector distances 
0.2<z/R<2.0. The results for a =4 ø, z/R =0.8, and 
R/a = 4.724 are given in Fig. 20. A usable transducer band- 
width of 1 to 7 MHz was obtained. Good agreement between 
experimental results and numerical simulations can be seen 
in the figure. 
IV. DISCUSSION AND CONCLUSIONS 
The IP-ASD is a spectral distortion process that can 
significantly affect quantitative measurements in pulse-echo 
ultrasound. The distortion is transducer specific, and in 
many circumstances may be characterized by distinctive fea- 
tures in the magnitude ASD spectrum. The IP-ASD has 
been numerically calculated and experimentally verified for 
planar and focused transducer geometries. For a certain spe- 
cification of nondiffracting transducer, the magnitude IP- 
ASD spectrum contains a single large amplitude peak, 
whose frequency varies inversely with the misalignment an- 
gle of the reflecting interface. 
Any experiment where quantitative results are depen- 
dent on the energy and spectral distribution of the received 
echo(es) must be compensated with a known inverse IP- 
ASD function, such as in impedance profiling of statified 
media, where the sample has planar layers which are each 
misaligned from one another. In order to effectively remove 
the IP-ASD, methods of parameter extraction must be em- 
ployed to determine the angular misalignment between the 
reflector orientation and the acoustic axis, and possibly the 
distance to the reflector. Spectral identification techniques 
may be based on the spectral nulls that characterize the IP- 
ASD for the planar piston transducer or the spectral peaks 
10 
2: -8 
-10 0 ' i ' :• ' • 4 5 6 3 8 9 lb 
Frequency, MHz 
FIG. 20. Experimental results of the normalized IP-ASD for a spherical 
focused piston. Transducer is a Cogent Inspection Ltd. PVdF with radius 
a -- 1.27 cm, focal length R -- 6 cm, and center frequency fof 5.5 MHz. 
Reflector distance Zo -- 0.8R, misalignment angle a = 4', and the propagat- 
ing medium is water with sound speed assumed to be c = 1500 m/s. The 
transducer has ratio R/a = 4.724. Solid line indicates experimental result, 
and dashed line is numerical simulation for these particular conditions. 
that characterize the IP-ASD for the nondiffracting trans- 
ducer. Given the geometrical parameters for the given trans- 
ducer, such identification can yield the desired angular misa- 
lignment with very good accuracy. Based on knowledge of 
transducer type, reflector distance, and angular misalign- 
ment, an appropriate inverse function can be generated for 
removal of the IP-ASD. A Wiener filtering or adaptive de- 
convolution technique may be applied for this. 
It can be inferred from the results given in this paper 
that if IP-ASD compensation is not to be employed, then a 
spherical focused transducer insonifying a target located 
around the focal point is a good choice for reasonable quanti- 
tative results. If the interfaces in the sample extend signifi- 
cantly far away from the focal region, however, then the IP- 
ASD quickly becomes an important factor. If IP-ASD com- 
pensation is to be employed, then either a planar piston, or 
better still, a nondiffracting transducer is the best choice, 
since parameter extraction is more accurately performed for 
these transducers. 
An interesting possibility is the use of a general annular 
array which could be excited so as to produce a nondiffract- 
ing beam for initial sample interrogation, allowing precise 
angular alignment estimates to be made. Once the misalign- 
ment angle is extracted, the array could then be uniformly 
excited so that experiments more readily suited to planar- 
transducer beam insonification can be performed. The quan- 
titative results may then be accurately compensated by one 
of several prestored inverse IP-ASD curves chosen on the 
basis on misalignment angle. 
There are potential applications of the IP-ASD that are 
not directly related to spectral distortion correction. The de- 
tection of surface orientation may be an important applica- 
tion of the IP-ASD, since accurate angular misalignment 
estimates can be determined from the IP-ASD as found with 
the nondiffracting transducer. The angular resolution of 
such experiments can be better than 0.1ø, based on considera- 
tion of simulations such as those presented in Fig. 15. 
Additionally, the estimation of the angular alignment of 
bond layers is also a potential application, but one which 
may require the ASD to be calculated for an elastic layer of 
finite thickness. Throughout this paper, it was assumed that 
the reflecting interface supported longitudinal wave reflec- 
tions only, and that the reflection coefficient of the interface 
was approximately constant for all incident plane waves. In- 
corporation of the exact reflection coefficient for each plane 
wave component found from the angular spectrum of the 
pressure field is treated in a forthcoming paper, as well as the 
effect of a general elastic interface of finite extent. 
APPENDIX: ANGULAR POWER DISTRIBUTION OF 
PLANE WAVES IN PRESSURE FIELD 
The angular distribution of propagation vectors of plane 
waves contained in the pressure field from a planar piston 
radiator is presented here in closed form, along with the am- 
plitude associated with each plane wave in the decomposi- 
tion. From this angular distribution can be found a solid 
angle, centered around the acoustic axis of the radiator, 
which contains a specified percentage of the total radiated 
acoustic power. 
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The plane wave decomposition of the normal velocity 
field radiated from a pla_nar, circular piston is denoted by the 
plane wave amplitude A (fx • ) 23 and calculated as 
Xexp[ --j2rr(f,,x -+- f•y) ]dx dy, (A1) 
where hz (x,y) is the normal velocity of the field over the 
plane of the baffled transducer. Since the transducer is circu- 
larly symmetric, the radiated field is circularly symmetric as 
well. A closed-form solution to (A 1 ) is more readily solved 
in polar coordinates, given the symmetry in the field, and so 
we let 
x=rcos0, y=rsin0 (A2) 
and 
f• =p cos •b, f• =p sin •b, (A3) 
which give the spatial and spatial-frequency rectangular to 
polar coordinate transformations, respectively. Here, r and 0 
describe the radial and angular coordinates in the space do- 
main, and p and •b describe the radial and angular coordi- 
nates in the spatial frequency domain. Assuming that 
hz (r,O) is radially symmetric, and nonzero only over the 
circular transducer surface with radius a (e.g., the trans- 
ducer is set in an infinite baffle), then 
= z(r) 
Xexp[ -j2rrprcos(O-qb)]rdrdO. (A4) 
It is well known 24 that the the two-dimensional Fourier 
transform of a circularly symmetric function g(r,O) = g(r) 
can be more conveniently expressed using a Hankel trans- 
form, as 
- fo aA (p) = hz (r) 2rrrJo (2rrpr)dr. (A5) 
Further assuming that the normal velocity over the pis- 
ton surface is uniform, then 
- •z fo aA (p) = w 2rrprJo (2•pr)dr. (A6) P 
Integrating over the Bessel function, 24 it is found that 
• (P) = •z •a2 • ( 2•ap ) (A7) 
2•ap 
Note that the expression in (A7), describing the plane wave 
decomposition of the field, is very similar to expressions de- 
scribing the far-field pressure radiated by a planar circular 
piston. 25 The reason for this similarity is that the pressure 
diffracted into the far field is approximately equal to the 
Fourier transform of the field over the source plane, and is 
the well-known Fraunhofer diffraction approximation. Ex- 
amination of (A. 1 ) reveals that the angular spectrum de- 
composition is precisely the same Fourier transform, just 
interpreted differently. One should not confuse observed ra- 
diated pressure with the amplitude distribution of plane 
waves comprising the field, however. The power in the field, 
W(p), may be obtained from • (p)/•a 2 as follows: 
I'V(p ) ' I'Vo ( 2J• (2•rap ) ) 2 2trap ' (A8) 
where Wo absorbs all other constants. 
The propagation vectors of the plane waves with given 
spatial frequencyp lie on the surface of a right circular cone, 
the central axis of which is aligned with the acoustic axis of 
the source transducer. To determine the half-angle of the 
cone (in radians) of plane wave propagation directions, it is 
observed that 
2 2 p2 = f• + f• = (n] + ny )/A . (A9) 
where n•, ny, and n z are the direction cosines of the propaga- 
tion vector of the given plane wave, measured with respect o 
2 2 2 1, then (A9) may the x, y, and z axes. Since n•, + ny + nz = 
be written in terms of n z as 
2 
,•, 2,02---- I - rt z. (A10) 
If the plane wave makes an angle Oz measured with respect o 
the z axis (or equivalently, with respect o the central cone 
axis), then n z = cos Oz = 4- x/1 -- A 2/02. Therefore, 
Oz = cos-' (x/1 -- A 2p2 ) = sin-' (Ap), (All) 
where the positive sign is chosen to represent he forward 
propagating' wave. 
It must be mentioned at this point that (A7) describes 
the angular spectrum decomposition of the normal velocity 
in the plane of the baffled circular piston. The velocity • is 
related to the normal velocity •z by the relation U = Uz/jnz, 
26 where capitals denote Fourier-transformed quantities. 
The pressure is then simply related to the velocity by the 
specific acoustic impedance. 27Thus, the decomposition in 
( A 1 ) et seq. expresses the decomposition of the velocity un- 
der the assumption that nz = 1 to within a constant, al- 
though the approximation loses accuracy as the the propaga- 
2 2 approaches unity, tion direction component n• 
whereby the factor 1/jnz approaches infinity. However, at 
distances of several wavelengths from the source plane 
(which includes the situations considered in this paper), use 
of the decomposition result given in (A7) is justifiable, since 
practically all power radiates via plane waves with propaga- 
2 2 
tion direction x + ny ,• 1. 
In order to determine the total power of the plane waves 
with an angle of propagation Oz < 0cone, e.g., interior to a 
given cone of solid angle 0cone, it is convenient to first calcu- 
late the total power of these plane waves as a function ofp in 
the spatial frequency domain, and then translate this into a 
corresponding cone of solid angle. 
Here, L (Po) is defined as the power contained in a circle 
in the spatial frequency domain of radius Po, 
L (po ) = W(p )pdp dqb 
= [•Vo fo2•r •0 po(,2J, (2•ap).)2pdtgdq • 2•rap 
=2•Wo ffø(.•'(2•ap))•dp. 2•ap 
Letting v = 2•ap, 
(A12) 
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FIG. A1. Plot of the fractional power term LN(p), Eq. (A16), for 
O< (2•rap)• 15. The values of p that correspond to the zeros of W(p) are 
shown and represent the fraction of power in the beam when LN (p) is evalu- 
ated at these zero points. 
2Wo ••a.o j•(v) L(po) =• •dv. (A13) 
•Ta 2 Jo 1,, 
This equation, originally derived by Airy 28'29 in slightly dif- 
ferent form to evaluate the far-field diffraction energy for a 
circular aperture illuminated by a plane wave source, ap- 
pears here in the representation of the power contained in 
plane wave components of the angular spectrum. Following 
similar derivations by Born and Wolf, 29 then by applying the 
relationship 
J•(v) 1 d 
v 2 dv [J2ø (v) + j2• (v) ] (A14) 
Eq. (A 13 ) can be written as 
L(po ) = ( -- Wo/•a 2) [J• ('v) -!- j2• ('v) ] 20'n'apø 
= ( W o/•a 2) [ 1 -- J2 o (2rrapo) -- J• (2rrapo) ].
(A15) 
Use has been made of the relations J2 o(0)=1 and 
j 2• (0) = 0 in arriving at Eq. (A 15 ). Normalizing (A 15 ) to 
the power density Wo/•ra 2, 
L•v(Po ) = 1 -- J2 o (2rrapo) -- J• (2vcapo). (A16) 
which is the (normalized) total power radiated by plane 
waves with P<Po. A plot of the power fraction L•v(p) is 
given in Fig. A 1. 
Equation (A16) is most conveniently evaluated at the 
zeros of W(p), e.g., at values Ofpo satisfying J• (2•rapo) = 0; 
thus, the fraction of the total power interior to these zeros is 
simply L•v (Po ) = 1 -- J2 o ( 2•rapo ).27 At the fourth zero of 
J• (2rrapo), it is found that 2•rapo • 13.324 (i.e., 
Po m2.1205/a), and L•v(Po ) = 0.952. This result implies 
that just over 95% of the power in the field is contributed by 
the plane waves with p<2.1205/a, and is considered to an 
adequate approximation to the total radiated power. Using 
(A 11 ) and the value Ofpo as calculated above, the cone of 
solid angle 0cone bounding 95% of the total field power is 
thus 
0cone = sin - 1 (2.12052/a). (A 17) 
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